INTRODUCTION
The ammonotelic nature of salmonids can pose toxicity problems in certain intensive culture operations, since high concentrations of ammonia in rearing water can be toxic (Smith and Piper 1975) . Long-term exposure to ammonia has been shown to cause major changes in gill structure, including swelling of the secondary lamellae, degeneration of the pillar cell system, and possibly impaired oxygen uptake (Smart 1976 ). Smith and Piper (1975) found severe hyperplasia of gill epithelium with extensive fusion of lamellae in rainbow trout (Salmo gairdneri) exposed to >25 blg/liter un-ionized NH3 for 6-12 mo. Other deleterious effects include increased water uptake resulting in osmotic imbalance (Lloyd and Orr 1969) and alteration of the oxygen-carrying capacity of the blood (Brockway 1950; Sousa and Meade 1977) . Decreases in the concentrations of cerebral ATP, NADH, and succinate after ammonia exposure have also been reported (Arillo et al. 1981 b) . Elevated ammonia concentrations have been shown to increase hepatic lysosomal sensitivity to osmotic shock and to increase total proteolytic activity in the liver (Arillo et al. 1981a Payan 1978) . This report examines the possibility that gill swelling and mortality may result from low exogenous Na+ levels that possibly retard the excretion of ammonia by a Na'/NH' exchange mechanism.
MATERIAL AND METHODS
Juvenile steelhead trout of the North Fork Clearwater River strain were used in all experiments. The fish were maintained in two systems of 17 ft X 70-ft recirculating Burrows ponds (25 ponds and 35 ponds) at DNFH. Each pond contained approximately 35,000-40,000 fish. The trout were fed an Abernathy formulation dry diet 8-10 times daily. The juvenile steelhead trout were maintained on 90% reused water throughout the study, and temperatures were maintained at 12-13 C throughout the winter. It was thus possible to rear a 180-200 mm fish in 1 yr. All reused water was passed through a series of four or six 25 ft X 75 ft X 10-ft polyethylene bead or ring biofiltration beds which maintained average environmental ammonia (NH3-N) and nitrite (N02-N) levels at 0.47 + 0.30 gLg/ml and 0.024 + 0.011 jLg/ml, respectively. Ammonia concentrations were measured three times per week by direct nesslerization and nitrite concentrations by the sulfanilamide-NEDA method (APHA 1974). The unionized ammonia (NH3) concentration was calculated on the basis of water temperature and pH using an aqueous ammonia equilibrium table (Thurston, Russo, and Emerson 1979).
One system of ponds contained control fish. These fish were maintained throughout the course of the study on water from the North Fork of the Clearwater River supplemented with 20 glg/nl Na+, 8 jtg/ ml K', and 30 lg/ml Cl-. Experimental fish were maintained in a separate system of ponds on unsupplemented river water from day 1 (11/10) through day 42. After day 42, these fish were reared in river water supplemented with the same concentrations of minerals as the water feeding the ponds holding the control fish. The juvenile steelhead trout in the experimental and control groups averaged 137 + 18 mm and 118 + 14 mm, respectively, on day 21.
Determination of the effects of mineral supplementation on fish health was based on comparison of the number of mortalities; plasma Na+, K+, and NH' concentrations; light microscopy of gill structures; and gross examination of the fish.
From day 1 until day 92 (2/9), trout were randomly dipnetted from the ponds and anesthetized in a 75-gjg/ml solution of tricaine methanesulfonate (MS 222, Argent Chemicals). The total length of each fish was measured to the nearest 0.5 cm, and blood was withdrawn from the caudal vein using a 0.5-or 1.0-cm3 tuberculin syringe with a 25-g X 5/8-inch needle (Pharmaseal). At each collection time, samples of whole blood were collected from 20 experimental and 20 control fish.
Each group of 20 samples was pooled into five samples, each of which contained equal aliquots of blood from four individual fish. Heparinized syringes were used to withdraw blood from fish, and the pooled blood was mixed by several inversions. Pooled blood samples were gently hand rolled to further ensure mixing and immediately placed on ice. Syringe needles were removed to prevent hemolysis, and the whole blood was gently injected into 350-rl caraway tubes. Samples were centrifuged at 2,000 X g for 15 min at 4 C in a Beckman TJ-6R centrifuge. Plasma and erythrocytes were collected by cutting the tubes at the plasma/erythrocyte interface and placed in separate 0.5-ml plastic vials. Samples for plasma Na+ and K+ determinations were stored in a -25 C freezer. Plasma for NHI assays was maintained at 4 C, and ammonium assays were performed within 3 h after centrifugation.
Plasma NH' concentrations were determined with a Sigma Chemicals no. 170 UV assay, and a Radiometer FLM-3 Flame Photometer was used to measure plasma Na+ and K+ concentrations. The data on the blood parameters were statistically examined by two-way analysis of variance.
Gill tissue was collected for histological examination at several times. The second gill arch on the right side was excised and placed in Bouin's fixative (Amlacher 1970) . After 24 h, the tissue was rinsed in distilled water and transferred to 70% ethanol. Completely dehydrated samples were embedded in paraffin; sections were cut at 5 gim and stained with hematoxylin and eosin-phloxine. At least 10 control and 10 experimental fish were examined at each time point.
At least 100 live, moribund, and dead fish were collected daily for gross examination. The gills and mucus were examined for parasites and abnormalities by light microscopy. The internal organs were examined macroscopically for any abnormalities, and bacterial assays were performed (McDaniel 1979). During periods of peak mortality, gill, spleen, kidney, and pyloric caeca samples from over 500 fish were analyzed for infectious pancreatic necrosis virus ( NOTE.-Minerals were added to the experimental system on day 43 increasing the Na+, K+, and C1-concentrations to the control levels (20 ;tg/ml Na', 5 Ag/ml K+, and 30 ig/ ml Cl-). detected in fish from the control group. Addition of minerals to the experimental system on day 43 resulted in a noticeable decrease in gill edema and swelling by day 48. Twenty-seven days after addition of minerals to the water containing the dying fish, no gross microscopic morphological differences between the two groups of fish could be observed.
PLASMA NH+ CONCENTRATIONS
The plasma NH+ concentrations of with a decline in plasma Na+ concentrations. In control fish, the opposite was seen; plasma NH' decreased as plasma Na+ increased. Figure 4 also shows that the Na+ concentration in experimental fish returned to values comparable to those of control fish within 14 days (day 57) after the addition of environmental minerals.
PLASMA K+ LEVELS
No significant differences in plasma K+ concentrations were observed between control and experimental fish (fig. 5) . A decrease in K+ levels in both groups occurred between day 27 and day 40 (P <.001) and was followed by an increase in K+ levels (P < .01 for both experimental and control fish).
DISCUSSION
The results provide evidence for excretion of ammonia via a Na+/NHI exchange mechanism in juvenile anadromous Salmo gairdneri. In the experimental system with low external Na+ concentrations, an inverse correlation was observed between plasma Na+ and NH+ concentrations-NH' increased as Na+ decreased (figs. 4A and 4B). The addition of external Na+ (20 pg/ml) resulted in both a decrease in plasma NH' and an increase in plasma Na+. The data indicate that ammonia excretion in juvenile steelhead trout involves an exchange mechanism and not simply passive diffusion of the free form. Addition of 0.87 mM Na+ to the water resulted in a 39% decrease in plasma NH+ concentrations at the next sampling date (fig. 4) .
These monium treatments. The work presented in this report indicates the presence of such an exchange mechanism with low external NH'. While one cannot pinpoint the reasons for the apparent differences, they could involve the age and size of the fish, the anadromous nature of the fish (smoltification), or the fact that a Na+/NH' exchange is apparent only at certain concentrations of environmental and plasma ions.
The recurrence of elevated plasma NH' concentrations, pathological gill changes, and increased mortalities at approximately the same time each year in populations of steelhead trout raised in unsupplemented water may be related to the anadromous nature of these fish. Although changes associated with smoltification in steelhead trout and spring chinook salmon (Oncorhyncus tshawytscha) occur in the spring, recent reports indicate that additional changes occur well before early spring (Bradley and Rourke 1984) .
The gill swelling and mortalities seen in December may relate to the increased need for a NH' exchange mechanism functioning in the early stages of smoltification. It is possible that one change associated with the earlier periods of smoltification is alteration in protein metabolism. Prior to the time of peak mortalities, plasma NH' may be reutilized by assimilation into amino acids. If reutilization of NH' does occur, excretion rates could be relatively low and the external Na+ concentrations sufficient to support removal by a Na'/NH' exchange. A decrease in NH' reutilization and/or increase in protein deamination that might accompany increased protein turnover at smoltification could increase plasma NHI concentrations. Thus high NH' levels coupled with low environmental Na+ could result in reduced NH+ excretion by a Na+/ NH+ exchange mechanism.
Alternatively, changes during smoltification, such as hormonal changes, may change the Na+ affinity of the Na+/NH4-pump. A hormonally induced increase in Km would reduce ammonia excretion at the low external Na+ concentrations. Both alternatives are consistent with the expectation that certain changes associated with smoltification may be influenced by photoperiod and thus occur near the winter solstice, which takes place on December 22 (Zaugg 1982) .
Previous studies have demonstrated the detrimental effects of sublethal external unionized ammonia concentrations on the gill tissue of salmonids (Burrows 1964; Smith and Piper 1975) . The pathological gill changes observed in the experimental fish in this experiment closely resemble those described by Smart (1976) and Smith and Piper (1975) . However, the external ammonia concentrations that experimental fish were exposed to were far below the unionized NH3 concentration (12.5 ig/liter) recommended for salmonids (Wedemeyer 1977) . The maximum concentration of ammonia to which experimental fish were exposed was only 32% of Wedemeyer's (1977) value, and control fish were exposed to only 6% of this value. Because of the large size of the rearing and water treatment systems and differences in filter bed media, it was impossible to maintain exactly the same external ammonia concentrations for both control and experimental fish. High-pressure cleaning of the filter bed media tends to remove certain bacterial species, causing the peaks in water NH3-N, NH3, and N03-N concentrations observed in figure 2. Nonetheless, both groups were maintained well below recommended limits of ammonia.
In experimental fish, the increase in plasma NH' coincided with changes in gill structure and elevated mortalities. Hillaby and Randall (1979) hypothesized that it is either the ionized form or the total ammonia load in the blood that is toxic to fish, not the un-ionized form. The method of ammonia measurement used by Hillaby and Randall resulted in a loss of ammonia gas and underestimation of the true blood ammonia concentrations. Because of this, no comparison can be made between these data and those obtained during the experiment described in this report. It is likely, however, that the increase in plasma NH' concentrations in experimental fish is related to the changes in gill structure. When minerals were added to the experimental system, plasma NHi levels decreased, followed by a decrease in gill swelling and mortalities. This is the first report suggesting that endogenous rather than exogenous ammonia can cause gill changes in vivo.
